Reverse micelles as nanosized aqueous droplets existing at certain compositions of water-in-oil microemulsions are widely used today in the synthesis of many types of nanoparticles. However, without a rich conceptual network that would correlate the properties and compositions of reverse micellar microemulsions to the properties of to-be-obtained particles, the design procedures in these cases usually rely on a trial-and-error approach. As like every other science, what is presently known is merely the tip of the iceberg compared to the uninvestigated vastness still lying below. The aim of this article is to present readers with most of the major achievements from the field of materials synthesis within reverse micelles since the first such synthesis was performed in 1982 until today, to possibly open up new perspectives of viewing the typical problems that nowadays dominate the field, and to hopefully initiate the observation and generation of their actual solutions. We intend to show that by refining the oversimplified representations of the roles that reverse micelles play in the processes of nanoparticles synthesis, steps toward a more complex and realistic view of the concerned relationships can be made.
Introduction
Reverse micelles as nanoscale hydrophilic cavities of microemulsions have been known since the 1960s, but these diverse multimolecular structures were for the first time used as nano-templates for materials synthesis (of monodispersed Pt, Pd, Rh and Ir particles) in 1982.
1 After these pioneering researches, many different materials comprising de-agglomerated and monodispersed particles ( Fig. 1 ) have been prepared 2-6 by using reverse micelles. Reverse micellar synthesis of materials belongs to the class of wet materials synthesis procedures, and exhibits, in general, all the advantages that usually accompany other wet approaches to materials synthesis. Excellent control of the final powders' stoichiometries with possibilities of obtaining homogeneity and mixing on the atomic scale, narrow particle sizes distributions, negligible contamination of the product during the homogenization of the starting compounds, low energy consumption, low aging times and simple equipment, are some of the ordinary qualities of wet syntheses, especially when compared to high-temperature traditional routes for the synthesis of common ceramic and metallic materials. Improved control of the particle sizes, shapes, uniformity and dispersity are additional general advantages of reverse micellar synthesis compared to other, bulk wet approaches. Materials resulting from wet powder preparation might have extremely small sizes, which implies a number of potential advantages, such as lower sintering temperatures in case of the preparation of ceramic materials. In cases where high-temperature treatment cannot be completely avoided by roomtemperature aging procedures in reverse micelles, the formation of nanoparticles with high specificsurface area can enable calcination temperatures to be set lower compared to traditional, solid-state approaches.
Organized self-assembled surfactant phases have recently received a lot of attention as reaction and templating media, but have for a long time been used for many other purposes:
• As wash and cleaning systems -since they facilitate the solubilization of both hydrophobic and hydrophilic components at the same time and at reduced temperatures.
• As separators -due to selective solubilization of certain molecules.
• As lubrication compounds.
• As pharmaceuticals.
• As fuels -due to improved fuel atomization and evaporation of water which increases the heat and temperature of combustion.
• As a medium in crude oil exploitation -due to their surface activity.
• As catalyzers 7, 8 or inhibitors 9 of biochemical enzyme-driven reactions -due to compartmentalization of reactants and products as well as changes in activity and substrate specificity of enzymes due to alteration in solubilized enzymes conformations when accommodating the micellar interior structure.
• In preparative organic chemistry, in order to overcome reactant solubility problems due to the ability of microemulsions to solubilize both polar and nonpolar substances and to compartmentalize and concentrate reactants.
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• For storing bioactive chemical reagents.
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• As a cell membrane-mimetic medium for the study of membrane interactions of bioactive peptides. Encapsulating a protein in a reverse micelle and dissolving it in a low-viscosity solvent can lower the rotational correlation time of a protein and thereby provide a novel strategy for studying proteins in a variety of contexts. 12 Since it was noted that denaturation of proteins can be prevented in reverse micelles, 13 these self-organized multimolecular assemblies have been used as lifemimicking systems, 14 and as such, have received large interest after the proposition of hypotheses that self-replicating biochemical reactions of primordial planetary life were initiated in reverse micelles made of glycerine molecules, palmitic, stearic and oleic acid, which existed at air-water interfaces close to the shores of some ancient seas. 15 Treating reverse micelles as active and even as the most basic structures of life was especially emphasized after the discovery of the possibility of initiating self-replication of reverse micelles due to a reaction ocurring within micellar structures.
16,17

Basic View of Reverse Micelles, Microemulsions and Their Potentialities Within Materials Synthesis
Reverse micelles exist at certain compositional range of water-in-oil microemulsions. Microemulsions -a term coined by J. H. Schulman in 1959 18 -are transparent thermodynamically stable dispersions of two immiscible liquids containing appropriate amounts of surfactant. Amphiphilic substances, to which surfactants belong, possess significantly distanced hydrophilic and hydrophobic parts within their molecules, and, therefore, each of the two parts of the surfactant molecule has its preferent solvent. Two mutually immiscible components are usually water and an alcohol, hydrocarbon or, lately, environmentally-viable supercritical carbon dioxide, 19, 20 which proves to be of extreme convenience due to solving the problems of difficult separation and removal of solvent from products in conventional reverse micellar syntheses. Surfactant monolayers separate water and oil domains and hence reduce the unfavorable oil-water contact. In contrast to macroscopic emulsions which are thermodynamically unstable, nanosized microemulsion droplets are formed spontaneously and, although the reverse micellar systems are heterogenous on a molecular scale, they are equilibrium phases and are thus thermodynamically stable. Since the interactions between polar head-groups of the surfactant molecule and the interactions between the nonpolar tails favor only aggregates of a very specific size and molecular configuration, microemulsions typically have narrow droplet size distributions. The droplet uniformity of microemulsions is especially important, having a direct effect on the distribution of resulting particle sizes during precipitation reactions. Colloidal particle formation is a complex process, which involves interplay between nucleation, nanocrystal formation, intermediate growth as well as eventual coagulation and flocculation, that all depend on the specific interactions between ionic and molecular species within microemulsion. The success of the reverse micellar procedure for materials synthesis is closely related to the fact that particle nucleation can be initiated simultaneously at a large number of locations within reverse micelles, with the nucleation sites well isolated from each other due to the presence of surfactant films that may act as stabilizers of the formed particles. Normally, monodisperse particles are formed only when the nucleation and growth stages are strictly separated, which is a property of reverse micelle material synthesis due to the uniform nanodroplet structure and specific intermicellar interactions.
Reverse micelle phases are tiny droplets of water, encapsulated by surfactant molecules and thus physically separated from the oil phase (Fig. 2) . Simplified representation of the reverse micellar preparation of particles takes that aqueous "pools" of the reverse micelles act as nanoreactors for performing simple reactions of synthesis, and that the sizes of the microcrystals of the product are directly determined by the sizes of these pools. [21] [22] [23] It is possible to control the sizes of reverse micelles by controlling the parameter w, defined as molar ratio of water-tosurfactant. The higher the w, the larger the water pools of the micelles and the nanoparticles formed within, and vice versa. Although such a correspondence between the size of the synthesized nanoparticle and the parameter w was approved in many experiments, it has been put into question lately, since within a number of performed syntheses a similar correspondence could not be established. Therefore, the dynamic interaction among micelles has since lately been generally considered as the most important factor that influences the morphologies and properties of the final products.
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Particle size control results from regulation of the nucleation site size and the particle growth rate. Within reverse micellar materials synthesis, these two factors are often implicitly conveyed to reverse micelle sizes and material exchange between reverse micelles, respectively. It has been observed that many properties of the synthesized powders can be controlled, and thus designed by using proper conditions, regarding primarily the composition of a parent microemulsion. Control over quantum states of the particles or interparticle spacing can lead to novel mesoscopic properties of materials, which are sometimes very different from those of their atomic and bulk counterparts. 25, 26 Not only it is possible to synthesize nanosized uniform particles, but the obtained particles might also be extremely well dispersed, 2 which is a key property for some applications. Even though reaction kinetics are neglected in many models since the intermicellar exchange is slow and governs the growth of particles, enhancement of reaction rates is also one of the known possible advantages of micellar synthesis routes.
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Since nanosized reverse micelles cannot yet be directly observed in their dynamic interactions within a nonpolar medium, indirect techniques are usually applied in order to evaluate certain, both static and dynamic properties of the micelles. In the approximations and different implicit pre-suppositions of various such techniques lie the answer to the sometimes pronounced impossibility of matching 28 the concluded properties attributed to the same systems by using different experimental methods.
Various indirect experimental methods may be used for the evaluation of the microemulsions' phase diagrams, but generally, transparency measurements, conductivity measurements 29 and various dynamic spectroscopy methods are the most often used. Scattering methods have in general become standard methods for probing microemulsions due to nondestructivity and versatility of such approaches. Since reverse microemulsion systems typically have a high degree of optical clarity, the transition from the translucent, bright color of microemulsion to a turbid, opaque or viscous white solution might visually (with the naked eye) be interpreted as the breakdown of the microemulsion. 30, 31 However, it was shown that the solubilization limits obtained by titration are different from those obtained by contacting the organic phase with an excess aqueous phase, 32 and such a difference was ascribed to the fact that in the titration method, the composition of water pools is fixed by the composition of the titrant, while in the contacting method, the composition of the water pools depends on the exchange of ions between the reverse micelles and the excess aqueous phase. 32 Conductivity measurements are often used to routinely characterize microemulsion systems and determine the maximum amount of water that can be introduced into the system with maintaining the given water-in-oil system 33 in stable condition.
Upon addition of water into the system, conductivity increases due to percolation of charges through the droplet clusters, all until continuous introduction of water into the system makes the microemulsion unstable and eventually induces phase separation resulting in sharp decrease in conductivity.
Since reverse micelles are most often regarded as "nano-templates" or "nano-reactors" for the synthesis of nanosized particles, special emphasis in the field of their investigation is, from the point of view of materials synthesis, placed on the attempts to determine their structural parameters, that is primarily micellar sizes and shapes as well as spatial distributions of these parameters. Beside many attempts to model reverse micellar structures, [34] [35] [36] 45 In general, spectroscopy has been a primary tool for investigating the structures of reverse micelles. Combined with time-resolved methods, the spectroscopic methods can also yield dynamic information.
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The principle factors for explaining structural changes in microemulsions are surfactant shape, entropy, energy terms, as well as solvent properties such as ionic force and pH. Some of the most important quantities used for defining surfactants activities within microemulsion systems are: critical micelle concentration (CMC) -defined as the minimal concentration of surfactant molecules above which micelles are formed; and aggregation number -the number of surfactant molecules per micelle. The phase diagram of CTAB/1-hexanol/water microemulsion is shown in Fig. 3 . 65 The balance between electrostatic or polar interactions, geometry packing factor and topology mostly determine the geometry of the colloidal structure formed. The region denoted as L 2 in Fig. 3 , typical of its low water-to-oil phase ratio, belongs to the phase compositions at which reverse micelles exist as multimolecular structures that the microemulsion comprises. Beside reverse micellar structures, membraneous structures, bilayer (lamellar) and cubic liquid crystals, sponge phases, hexagonal rod-like structures, and uninverted (regular) micellar structures can be formed by varying the composition of the given, most often three-or four-component microemulsion system. The general remark is that microemulsion systems are very difficult to treat when the number of their components exceeds three. synthesis (Fig. 4) and CTAB/nbutanol/isooctane/water. 92 It was suggested that n-pentanol is, in combination with CTAB, a better co-surfactant compared to n-butanol since it has a stronger van der Waals interaction with CTAB, which ensures the formation of more compact and stable interfacial film protecting nanoparticles from aggregation and nonuniform growth. 90 Hexane is denoted as a desirable organic solvent since, due to its high vapor pressure, it may induce the selforganization of monodisperse monocrystals upon dewetting and/or rapid solvent evaporation and even the formation of energetically unfavorable 1D structures.
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Complex processes of particles formation in solution, which involve nucleation, growth, coagulation and flocculation are largely influenced by the presence of surfactant and its ability to compartmentalize reactants as is the case in reverse micellar microemulsions. This role may largely alter not only properties of the final product such as atomic arrangement, morphology, ground transition and product states by affecting the step velocity and rate of crystal growth in certain preferred directions, 93 but by changing the pathway of the reaction it may promote the formation of a product of different identity compared to diluted aqueous solution 94 or to the reverse micellar medium comprising different surfactants. 93 Only surfactant as an additional component in the precipitation reaction is often used in order to increase the specific surface area of the products and stabilize the colloidal solution, 95-98 but using ligand or complexing stabilizing agents to inhibit particle growth is a much older procedure than the microemulsion technique. 99 Surfactant additives have been shown to act like mobile impurities and thus affecting the step velocity and rate of crystal growth in certain preferred directions. 100 Compared to this approach, reverse micelles present more complex structures that medium for the wet synthesis comprises, since in these systems nanosized droplets of water possess a significant individuality and specific organization, which is supposed to reflect on potentially unique and monodispersed properties of the materials synthesized within them. Mixed surfactants have also been used for the reverse micelle preparation of nanoparticles, and are shown to be especially promising for the formation of silica-coated nanoparticles 101, 102 and 1D nanostructures, 103, 104 such as nanotubes, nanowires, nanorods, nanobelts and tree-like superstructures, but the effect of any used mixture is generally unpredictable. The components in a surfactant mixture could enhance the efficiency of processes due to synergy or even antagonism among them under different conditions. 105 In general, due to the enormous complexity of physicochemical influences, the synthesis of materials within microemulsions today relies more on trial-and-error approaches and the tendency to reproduce experiments than on the formal predictions of morphology, dispersity and various other properties, prior to the performance of the corresponding synthesis procedures.
Structural Properties of Reverse Micelles
Micellar structures are often presented as being raspberry-like, with hydrophilic charged head-groups closely packed to each other and hydrocarbon chains stretched towards the center of the micelle. This picture is thought to be wrong for two reasons. First, owing to electrostatic repulsion it is not possible to spontaneously pack up to a hundred charged entities close to each other, even if the counterion binding is taken into account. Second, the conformation of all tails being stretched and almost lined up would lead to an enormous local pressure. As an example, an NMR study showed that the uninverted micelles formed by SDS have about one-third of their surface covered by hydrocarbon tails.
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In an attempt to model reverse micelle by computer simulation, nearly all counterions of a reverse micelle comprising 70 AOT molecules, 70 Na + counterions and 525 water molecules, resided at the interface. The surfactant head-groups did not completely shield the aqueous core from the nonpolar exterior, and some water molecules were trapped between head-groups in contact with the nonpolar phase. This model suggests that it should be possible to catalyze a reaction of an insoluble probe at the micellar interface.
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FTIR studies suggest that the water interior of reverse micelles has a multilayered structure, consisting of the so-called interfacial, intermediate and core water. The interfacial layer is composed of water molecules that are bounded directly to the surfactant's polar head-groups; the intermediate layer consists of the next few nearest-neighbor water molecules that can exchange their state with interfacial water; and the core layer is found at the interior of the water pool and has the properties of bulk water. 44 It was reported that five water molecules are tightly bound per one CTAB molecule, 52 whereby by using NMR measurements it was realized that only two molecules of water are tightly bound to one molecule of AOT. 106 Thus, if parameter w < 6 − 10, the water which occupies the interior of a reverse micelle is highly structurized due to association with the polar head-groups of the surfactant molecules, and the conditions for a typical design of the particles in reverse micelles are said to be not available. 73, 107 On the other hand, if w > 10, micelles have a free water core with bulk water solvent characteristics.
Reverse micelles of various surfactants can solubilize different amounts of water. AOT reverse micelles are known for their ability to enclose very large amounts of water; parameter w ranges from 0 to 70 for many systems. 35 Exactly in its ability to solubilize large amounts of water while retaining spherical micellar shapes in a variety of hydrophobic organic solvents lies the reason for the often use of AOT as a surfactant for the application of materials synthesis. 108 However, compared to AOT-based systems, CTAB reverse micellar systems, due to higher flexibility of surfactant film that gives rise to a higher exchange dynamics of the micelles, enable significantly higher solubilization capacities of high concentration aqueous salts.
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In contrast to CMC, micellar size varies with various factors in a manner which is complex and at present still difficult to predict.
28 A large variety of different techniques, including classic light scattering, viscosity measurements, tracer diffusion, NMR and quasi-elastic light scattering have been performed in order to obtain information about the size distribution of micelles for given parameters such as w or weight percentage of water or surfactant. Though some of these methods gained very precise results according to their performers, a clear criticism was raised regarding the reliability of these methods. 28 For a certain system, NMR measurements have clearly indicated that the distribution of micelle size is narrow and somewhat asymmetrical around the average value, 28 whereby the SANS measurement results have shown that reverse micelles are spherical and monodisperse at low water content, whereas with increase in water content, the micelles increase in size and polydispersity.
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With an increase in water content of a microemulsion system, the size of the reverse micelles increases as well. In general, aggregation number together with micelle radius increases with w. Other influences on the aggregation number of micellar configurations are dependent on the whole system used. Thus, it was reported that the aggregation number showed little dependence on the concentration of the surfactant or the addition of salt (up to 2.3 M of sodium azide, the salt consisting of azide ion -N=N=N − , which, due to its small size and high charge is likely to dive into the core of the investigated reverse micelles), 44 whereby it was observed that size of the reverse micelle is largely influenced by the ionic strength of its aqueous pools. The aggregation number of CTAB micelles increased from 81 to 121 with the addition of NaOH in the concentration of 0.01 M, and micelle shapes were found to change from spherical to elliptical with the addition of NaOH.
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As expected, micelle size increases with increasing alkyl chain length of the amphiphile. In several cases, the growth in size is small and corresponds to a retention of the same micellar shape, but in others, shape changes must be invoked to explain the data. Surfactants with longer tails will according to theory have a lower CMC and a larger aggregation number than analogues with shorter tails; also, counterions that are more strongly bound to the surfactant will induce a lower CMC and a higher aggregation number. 49 Whereas the CMC depends little on head-group structure and counterion (ionic surfactant in a solution dissociates on surfactant ion and counterion), micelle size can vary by orders of magnitude. The aggregation number calculated for linear surfactants with C 12 , C 14 and C 16 atoms by using a theoretical model 49 were 55, 75 and 95, respectively. These results are in agreement with experimental findings for the corresponding alkylsulphate surfactants, whereby this model predicts aggregation numbers that are too small for the longest alkyltrimethylammonium surfactant. This is due to a combination of the bulkier head-group of this surfactant as well as a change in shape of the aggregate from a spherical to a more prolate reverse micelle.
However, the main point of the calculation is still present -within a series of surfactants differing in hydrocarbon chains length only, the aggregation number should increase with increasing tail length. Closely related to the fact that a single entity or variable cannot be invoked for any scientific explanation, the size of the reverse micelles is not dependent upon any single variable, but on the complex interactions which are conditional for their existence. Thus, the microemulsion droplet sizes in CTABbased reverse micellar microemulsion were in the range of 30-70 nm 111 at 55
• C, whereby spectroscopic studies have shown that size of the CTAB reverse micelles is in the order of 1-4 nm for different water percentages. 63 Reverse micelles based on CTAB ranging in length from 10 to 1000 nm were also found to coexist together.
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Albeit expectations to establishing direct links between thermodynamic stability of reverse micelles in microemulsions and their low polydispersity in size, predictions based on theoretical calculations have shown that micelles are broadly distributed in size with polydispersity index equal to 2.
106 Increase in water content results not only in a nonlinear increase in the average diameter of the nanodroplets and the synthesized particles within, but in a more enhanced polydispersity as well. 3 For the cases of growth to very long, rod-like micelles, the polydispersity becomes large. For many systems, the low degree of polydispersity is explained by the fact that after the increase in association constant up to a certain aggregation number there is a region of marked anticooperativity with the equilibrium constant decreasing with aggregation number. Until recently it was thought that only reverse micelles spherical in shape exist. However, it has been observed that the probe motion within reverse micelle becomes more anisotropic with increase in water content. 52 It was proposed that a slight anisotropic rotational motion of the probe in micelles, as detected, for instance, by electron spin resonance measurements, might be explained by the formation of cylindrical aggregates. Generally, spherical micelles at low surfactant concentration (close to CMC) might, due to aggregate-aggregate interactions, alter their geometries at higher monomer concentrations. For micellar systems showing the sphere-to-rod transition, the anti-cooperativity, which lies in head-group repulsions, is partly eliminated this way. As shown by the case of CTAB, the elimination of headgroup repulsions can be brought about by counterions which may approach the charged groups closely or intercalate between them, or by certain solubilizates which are located in the head-group region.
28
Linear surfactants tend to form ellipsoidal micelles more often than branched surfactants, which almost always form spherical micelles. Thus, for instance, a linear surfactant cetyltrimethylammonium 4-vinylbenzoate forms viscoelastic solutions in water containing cylindrical micelles of 4 nm in diameter and thousands of nanometers long, 40 whereby AOT-based micelles are known to exist only in spherical shapes. In general, the micelles formed by surfactants with tails of moderate length (approximately C 10 − C 16 ; note that both CTAB and AOT are C 16 surfactants) are thought to be spherical or nearly spherical -at least close to CMC. One of the major challenges within modern surfactant science is drawing a precise link between the geometry of surfactant self-assemblies and the final structures of the synthesized materials. 112 Many cases in which acicular particles were unexpectedly produced by reverse micellar synthesis were ascribed to the templating effect of worm-shaped reverse micelles. 4, 66, 113 Reverse micelles based on CTAB as the surfactant are known to produce such effects, so another CMC at which spherical-to-worm-like transition occurs is ascribed to such microemulsion systems. It is also known that an alkali substance, However, adding water to the CTAB/water/n-pentanol/nhexane microemulsion always results in an increment of the reverse micellar radii, whereby the micelle shapes remains spherical.
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While the formation of rod-like micelles is well demonstrated for several cases, especially when CTAB is used as a surfactant, other geometries of large non-spherical micelles have not been observed yet, which is in agreement with theoretical predictions. 28 Meanwhile, the computer simulation of a reverse micelle (w = 10) formed from a novel double-chained phosphate surfactant in CO 2 , including 1616 water molecules, 160 surfactant molecules, 160 counterions and 6991 CO 2 molecules, showed that the modeled reverse micelle is not restricted to a spherical shape. 35 Molecular interactions drive the formation of the reverse micelles, leading to a range of shapes. Sphere-to-rod transitions in CTAB micelles at higher concentrations have been reported in both the presence and the absence of added salts for surfactant concentrations exceeding 0.10 M.
51,56 The concentration at which these transitions occur depends on the property measured. By using absolute SAXS technique it was shown that at c ∼ 0.05 M, CTAB micelles are spherical, and that at room temperature the sphere-to-rod transition occurs right above 0.05 M, at 50
• C at 0.17 M and at 70
There is a number of evidence indicating a transition from closely spherical to very long rod-like aggregates for CTAB micelles at a concentration of 0.2-0.3 M. 28 Increasing the temperature from 30
to 50
• C, as well as substituting Cl − for Br − as counterion, eliminates the transition. Addition of small amounts of simple solubilizates, such as benzene or a long-chain alcohol (hexanol, octanol, etc.), may markedly facilitate the transition to rod-like micelles, whereby alkanes have no effect. Decreasing the alkyl chain length considerably increases the transition concentration or eliminates the transition completely. 28 By using SANS studies it was shown that micelles of CTAB molecules in 0.2 M solution were ellipsoidal with semi-minor axis of 2.12 nm and semi-major axis of 5.62 nm, whereby aggregation number was 186 and fractional charge 0.09.
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Other SANS studies have concluded that CTAB micelles are ellipsoidal in shape, have an aggregation number of 177, and that in the presence of hydrotropes the aggregation number increases dramatically with decrease in the fractional surface charge of the micelles. 115 Certain calculations related with QELS measurements of CTAB micelles in aqueous solutions, and the diffusion of mesoscopic optical probes through the same solution have implied extensive micellar growth and failure of the spherical micelle assumption. 43 It has also been reported that CTAB forms rod-shaped micelles in aqueous systems above the second CMC of 0.3 M and assembles into hexagonal liquid crystals above 1.1 M.
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Sizes and shapes of the reverse micelles are dependent on temperature. When the temperature increases, the aggregation number was found to increase as well. 44 Although the CMC of ionic surfactants is insensitive to temperature changes, the tendency to form micelles different from the spherical increases with decreasing temperature. The size of the reverse micelles comprising nonionic surfactants increases with increasing temperature, 28 such that sometimes at temperatures just above the room temperature, radii of the micelle increases together with broadening of the micelle size distribution and increased excluded volume effects in magnitude, which can be explained by considering the sphere-to-rod or sphere-to-disk transitions of the micelles. 55 It is thought that two processes which disrupt microemulsions, that is colescence and Ostwald ripening, accelerate at higher temperatures.
Coalescence of reverse micelles is Brownian motiondriven and hence is more present at higher temperatures. On the other side, Ostwald ripening, the disruption of emulsions by the growth of larger droplets at the expense of smaller ones, is driven by Kelvin effect (a high curvature of small droplets creates a high internal Laplace pressure, which consequently increases the vapor pressure of the emulsified monomers). The smaller the droplet is, the greater the tendency for the droplet to shrink and disappear, since the Laplace pressure increases as droplet diameter decreases. It has been shown that L 2 range is widening with increase in temperature.
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One common feature of reverse micellar systems is the relative lack of stability even without encapsulated salts. One way of minimizing this phenomenon is including a co-surfactant in the reverse micellar system. It was even noted that for CTAB-based reverse micelles, a co-surfactant is necessarily required for the formation of the stable microemulsion. 118 The incorporation of short chain alkanols makes reverse micelles more stable and in addition, the presence of alkanols decreases the aggregation number of the surfactant molecules and the diameter of the reverse micelles. 113 N-butanol or SDS (sodium dodecyl sulfate) are often used as co-surfactants, increasing the polarity of the surfactant and helping to stabilize the reverse micelle solutions. 73, 119 N-butanol as a co-surfactant is used together with CTAB to help decrease the fraction of the micellar head-group that is neutralized and thereby increase the stability of the micelles.
Without the addition of a co-surfactant, the amount of free water available to carry on the reactions is greatly reduced, as most of the water is locked in the head-groups of surfactant molecules. When using 1-hexanol as a co-surfactant in the system CTAB/isooctane/water, the encapsulated enzyme's half life was increased 45-fold. 118 As an oil-phase, a non-branched alcohol has been considered as an optimal choice, but the use of diesel oil (together with CTAB as a surfactant, 1-butanol, 1-propanol, 1-octanol or 1-pentanol as a co-surfactant) -a complex mix of aliphatic alkanes with chain lengths of up to C 32 -was also noticed. 30 In relation to the application of microemulsions for materials synthesis, it is generally recommended that surfactant and aqueous fluid be each from about 1-30% by weight of the total system and the maximum total amount of surfactant and water be up to 50% (preferably to 30%). The amount of co-surfactant is preferably between 25 and 75% by weight of composition.
73
Penetrating into the micellar interface, cosurfactant molecules change the mean distance between the polar head-groups of surfactant molecules and thus reduce the electrostatic repulsion between the head-groups, promoting the sphericalto-worm-like micelle transition. 59, 114 This penetration may increase the volume of the micelle core, which is equivalent to increasing effective head-group (hydrophilic) cross-sectional area. It is well-known that the curvature of a micellar aggregate (whose aqueous side is concave rather than convex, being an essential property of reversed micelles), which is dependent on the interfacial tension between micelle and oil phase, 34 is strongly influenced by the ratio of the effective head-group cross-sectional area to the effective cross-sectional area of the aliphatic chain. By decreasing this ratio, the surfactant aggregate shapes should follow the trend: spheroidal micelle → worm-like (rod-shaped) micelles → bilayer structures → reverse structures. 59 When the alcoholic co-surfactant chain length decreases for a given micellar radius, the thickness of the penetrated layer is increased and the interaction between micelles is therefore stronger, because attractive intermicellar potential depends on the volume of the interlapping region. 62 The volume of this region increases with an increase of micellar radius as well.
Dynamic Structure of Reverse Micelles
In order to understand processes in which the synthesis of materials within reverse micelles takes place, it is useful to outline the basic dynamic interaction among reverse micelles. In Fig. 5 , a schematic representation of certain processes ocurring within reverse micellar microemulsion as a medium for the synthesis reaction, is shown. On one side, the reverse micellar systems are extremely dynamic in nature and such dynamic character lies at the basis of their thermodynamical stability. On the other hand, the appearances of reverse micelles which emerge from numerous experimental results are one of a labile and sensitive multimolecular configurations.
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Surfactants associate into liquid-like aggregates that possess rapid molecular motions often on different time scales. The complexity of the system is due to the highly dispersed and heterogeneous nature of the overall phase. A microemulsion system during the synthesis procedure comprises a variety of species such as surfactant molecules, solutes in the aqueous phase, species which may be preferentially distributed in one of the phases, and the solid particles formed in reaction followed by nucleation. Some of the basic interactions in such a system include the exchange of surfactant molecules between reverse micelles and the bulk phase, the formation-breakup of dimers, trimers, and lower-level aggregates which may be present in relatively small concentrations, intermicellar fusion-fission of reverse micelles, and effects involving solute species such as intramicellar kinetic reactions, particle nucleation, and growth via intramicellar attachment and intermicellar exchange of aqueous phase contents.
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For reactions in microemulsions involving reactant species completely confined within the dispersed water droplets, a necessary step prior to the chemical reaction is the exchange of reactants by the coalescence of two droplets. 120 Microemulsions have a dynamic structure wherein the droplets of the dispersed phase diffuse through the continuous phase and collide with each other. These collisions are inelastic because droplets coalesce and temporarily merge with each other, but subsequently break to form separate droplets again, so that the average size and number of the micelles remain the same as a function of time. 120 Surfactant film flexibility is one 
of the key parameters in determining the intermicellar exchange and particle growth processes, since the interdroplet exchange of the particles growing inside the reverse micelles is inhibited by the inversion of the film curvature in the fused dimer which, in turn, depends on the film flexibility.
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The intermicellar exchange of content leads to a distribution of material throughout the system, and a mathematical description of this phenomenon requires the use of population balances. Partial opening of the surfactant layer or interfacial transfer of aqueous pool solubilizates present close to the micellar surface can result in a partial exchange of material. Under equilibrium conditions, the size and the aggregation number of the reverse micelles are dictated by thermodynamics and equilibrium transport between micelles and bulk phase. As is evident from experimental reports, even the molecules of different coexisting species follow distributions of their occupancy numbers, defined as the number of particle species solubilized in the micelle core. For noninteracting and random kinetics, the distribution is known to be Poissonian, whereas geometric and binomial distributions can result under other conditions. This feature clearly leads to a situation different from continuous conditions.
The typical time scales that have been reported 24 for different mechanistic effects in polar reverse micellar systems are: 1-10 ns for diffusion-controlled intermicellar reaction, 50-100 ns for the lifetime of a pair of reactants confined to the micelle core, 300-500 ns for the formation of an encounter complex via diffusion on the micellar surface, 1-100 ns for a diffusion-controlled entry of a surfactant molecule onto the micellar surface from the bulk phase, 0.1-1 µs for diffusion-controlled collision of micellar aggregates, and 0.1-1 ms for intermicellar exchange to occur. While micellar re-orientation and the molecular diffusion around the micelle occur on the nanosecond scale, the local motion of spherical micelles is very fast (1-40 ps), compared to reorientation of rod-shaped aggregates, which is seen as the third contribution to the relaxation times.
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The retention time of water molecules on the surface of reverse micelles lies within a nanosecond in order of magnitude. 107 Although reverse micelles have been studied in detail and are well characterized, especially on AOT systems, the mechanistic details of reactions of finite rates, ultrafine particle formation, and growth seem to have not been studied through a single consistent mathematical model.
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There are many unanswered questions and challenges concerning role and behavior of surfactant within microemulsion during the materials synthesis. Even if a universal relationship or a set of relationships are developed between the structure of surfactants and their behavior at interfaces, the question regarding their dynamics when adsorbed layers are perturbed, as in the case of nanoparticles formation, will remain open due to specific interaction with reactants and products of the synthesis procedure. 105 It was shown that two populations of reverse micelles exist depending on whether they encapsulate probe molecules or not, 13 which is an apparent sign of the feedback effects of product properties on the structure of reverse micelles, neglected in models that are built on implicit adoption of chemically inert, nano-templating role of reverse micelles, and normally based on the introduction of parameter w as the major influence on product's properties. Reference 99, which is often cited, concerns the independence of the particle size of the synthesized Pt, Rh, Pd and Ir, always in the range of 2-5 nm, 1 on the surfactant, water amount and reactant concentration used in the experiments. Therefore, particle sizes can be seen as controllable by solvent stabilization of the particles, whereas the surfactant acts as a stabilizing agent.
10
There is a large attention paid to developing a convenient theoretical framework for correlating complex combinations of compositional, structural and interactional parameters with morphological properties of synthesized particles. Due to their nonlinear nature, colloidal spheres are in general difficult to model in their dynamic interactions. Contrary to expectations based on DLVO theory 122 (according to which, only few static charges on colloidal particles' surfaces can cause repulsions strong enough to keep them stably separated), it has been observed that like-charged colloidal particles sometimes attract each other. 123 The attraction between aggregates is found to increase when the micellar size increases, the alcohol chain length decreases, the polar head-area increases and the molecular volume of oil increases. 38, 124 Attractions seem to be favored by highly charged spheres in very low salt concentrations. 123 Basically, the balance of forces acting on three energy scalesVan der Waals attraction, randomizing influence of thermal energy, and hierarchy of electrostatic interactions among highly-charged colloidal particles and the single-charged simple ions around them determines all static and dynamic properties of microemulsions.
It is generally thought that since being confined to closed micellar structures, water molecules have restricted motions and their diffusion slow and approximately equal to the diffusion of the droplets. If all the surfactant molecules are located at the water -oil interface, they will obviously diffuse with equal rates as the droplets too. 121 However, from comparing experimental results on the diffusion behavior of various components in CTAB and watermediated reverse micellar microemulsion, it can be realized that water has the highest self-diffusion coef- Water, bromide ions and surfactant molecules had diffusion coefficients almost independent on the concentration above CMC value.
125
NMR measurements 126, 127 have shown that mobility of the ionic surfactant's molecular chain progressively increases from its head-group to the terminal methyl group. However, this is not always the case since mobility of 2-ethyl side chain in AOT molecule is very restricted. Anyhow, the general opinion is that mobility of different parts of long surfactant molecules is independent on the surfactant's nature and presence of a co-surfactant. As water content in a four-component water-in-oil AOT-based microemulsion is increased, mobility of surfactant's polar head-group progressively decreases. This effect was ascribed to an increased order in interfacial layer as well as to the decreased freedom for inner movement in the case of a larger number of molecules, including the polar head when water content is decreased. The largest increase in mobility was observed at low water content when water molecules were engaged in hydratation of sodium ions and sulphonate head, and when the water core with properties of bulk water had not yet been formed. Beside exchanging molecules of reactants by direct coalescence of micelles, it is necessary to take into account the exchange of molecules between phases other than only interiors of aqueous nanodroplets. This exchange might in the general case be considered so as to occur between bounded, interfacial states and free, bulk states. NMR investigations have revealed that the exchange time of Na + ion between the bounded and the free state in AOT-based water-in-oil microemulsion is less than 10 −4 s. 128 However, the same time was reported to lie in nanosecond range. 129 On the other hand, investigations based on electric field jump 130 concluded that the retention time of I − ion in Stern's layer is about 10 −7 s.
NMR investigations have concluded that the typical time for the exchange of alcohol molecules between the interfacial layer, the continuum phase and/or the dispersed phase (depending on its affinity) is a lot less than 10 −4 s. 107 The addition of NaCl in dispersed aqueous phase leads to the decrease in an exchange rate of alcohol molecules, 131 probably due to an increase in compactness of surfactant monolayers induced by an increase in ionic strength of aqueous phase. The exchange rate of neutral probe molecules between the interfacial monolayer and the aqueous core of reverse micelle was estimated to ∼ 10 7 /sec in AOT/heptane/water microemulsion system at w = 31. 132 The relaxation time of the exchange of surfactant molecules between the interfacial monolayer and aqueous phase in oil-in-water microemulsions was experimentally determined to be 3 × 10 −8 s, 133 whereby proof for the existence of the surfactant's exchange between two separate phases within water-in-oil microemulsions do not yet exist. NMR researches have shown that movement of surfactant is largely limited to the interfacial space between the oil and water phases. 107 It is also known that the fluidity of the surfactant's monolayer might be increased by decreasing the length of alcohol co-surfactant's hydrocarbon chain. Typical times for the rearrangement of surfactant monolayers in birefringent microemulsions are estimated to > 0.1 µs.
134
Two major processes during which exchange of reactants between reverse micelles takes place are shown in Fig. 6 . Solutes can be exchanged between reverse micelles either by processes of coalescence of reverse micelles -during which temporary merging of aqueous droplets occur (fusion) -that subsequently fragment (fission), or by partial fragmentation of droplets with consequent loss of There are many indications that the merging of reverse micelles as well as fast intermicellar exchange of their aqueous contents are diffusion-controlled and are independent on the surfactant's nature. 135 The time needed for single fusion of reverse micelles to occur is estimated at ∼ 10 −6 s, whereby the time constant for the collision of reverse micelles with subsequent merging is between 10 8 and 10 9 /Msec in respect to the droplet concentration. A model according to which intermicellar material exchange occurs through a water channel formed at the point of temporary merging of reverse micelles (temporary dimer) has been considered.
107
It has been discovered that compartmentalization of reactants in reverse micelles decreases reaction rates due to the coupling of chemical reaction and the rate of micellar mergings. However, there are many cases of catalytic effects derived from the compartmentalization of reagents, including the increase of the rate constant of the hydrolysis of acetylsalicylic acid in the presence of imidazole catalyst by 55 times when the reaction was performed in AOT/supercritical ethane microemulsion compared to the aqueous buffer, 136 and the reaction of acid hydrolysis of phthalomohydroxamic acid in AOT/isooctane/water microemulsions. 27 Kinetic analyses of the bimolecular rate constant of exchange k e of reaction have concluded that rate constant k e is complex since the reaction of exchange comprises Brownian diffusion of reverse micelles leading to collisions, collision of two droplets, water-channel opening (merging), diffusion and chemical reaction between reactants, as well as fragmentation of a transient dimer. The slowest step of these basic rate processes will scale the temporal aspects of the overall process of synthesis, 137 and the second stage of this complex reaction is decisive for limiting reaction rate. The rate constant k e takes an approximate value of 10 7 /sec at room temperature. 138 Therefore, approximately one in a thousand collisions result in a temporary merging of dispersed aqueous nanodroplets with exchange of reactants. However, such effectiveness of reactants' exchange is said to be valid only for rigid surfactant films, such as AOT-formed reverse micelles. 10 For flexible films, such as the ones that CTAB forms, one in ten collisions can give rise to micellar content exchange. 10 Large activation entropy of this process is ascribed to the fact that after the temporary merging of reverse micelles (that is, the formation of activated state) some of surfactant molecules from the interfacial layer are released to one of the separate phases. The lifetime of the transient dimer cannot be longer than a few µs since a longer lifetime would lead to the separation of phases due to the uncontrolled droplets ripening. Uneven fragmentation of the previously merged droplets leads to an increased polydispersity of reverse micelles. However, modification of the system ought to result in a decrease in polydispersity. In the case of microemulsion systems based on CTAB and pentanol, large variations in reverse micelles sizes were noticed, but an addition of alkane led to a decrease in polydispersity, which was most significant for the alkanes with long hydrocarbon chains. 107 Since larger k e implies that microemulsion acts more like a critical system, it is thought that there must exist a correlation between the increase in k e , the polydispersity of reverse micelle sizes, their mutual interaction and the critical behavior of microemulsion. It has been observed that a low reaction rate may lead to very large particles irrespective of the exchange protocol of micellar content. 139 The limiting situations concerning chemical reactions occurring between reactants enclosed in reverse micelles -merging-controlled and reactioncontrolled cases are shown in Fig. 7 . Co-surfactant leads to improved chemical reaction rates within reverse micellar microemulsions. It has been noted that the addition of benzylalcohol as a co-surfactant increased k e by almost 20 times.
140
The rate constant k e is dependent on the length of alcoholic co-surfactant's hydrocarbon chainit increased when 1-hexanol as a co-surfactant was replaced by 1-pentanol. 140 The value of k e is largely dependent on the oil hydrocarbon chain's lengthdecrease in k e by a factor of 10 was noticed when moving from dodecane to hexane. 107 The micellar exchange rates of cyclohexane, heptane, and decane in AOT-based microemulsions are approximately 10 6 , 10 7 and 10
In some cases, such as for AOT/n-heptane/water /Msec), which suggests that in that case reactants exchange between reverse micelles is no longer limited by the rate of interfacial layer opening, but primarily by the diffusion of droplets.
107
Even though kinetic equations describing reactions of synthesis include factors such as merging of micelles which carry reactants, that must happen prior to the reaction, increases in rates of chemical reactions taking place within reverse micellar systems are known phenomena, and have recently been almost taken as the general advantage of this method. 24 It has been reported that the rate of oxidation of Fe 2+ and subsequent formation of needlelike FeOOH particles by spontaneous air oxidation is from 100 to 1000 times faster in reverse micelles than in a bulk solution, regardless of the differences in surfactant or other conditions. 52 In the case of certain iron complexes, a two to tenfold increase in the rate of dissociation was measured in comparison to the pure aqueous solution. 121 The cause of the enhancement of reaction rates is not definitely known, but it is widely accepted that an electrostatic effect in the aqueous phase of the reverse micelle is one of the reasons for the acceleration of reactions. The properties of local reaction media are quite different from those of the bulk solutions as a consequence of the intense local electric fields, affecting all the relevant parameters that modulate the reaction rates. 10 Specific intermolecular interactions at the hydrophilic sides of surfactants surrounding the aqueous cores and specific water structure in this region are proposed to have catalytic effects on the rates of chemical changes. 141 However, reaction kinetics are neglected in many models because intermicellar material exchange is relatively slow, and it plays a major role in particles growth. 
General Synthesis Procedures
One way to perform reverse micellar synthesis of materials is to produce one parent microemulsion and then to successively let reactants to diffuse into the interior of reverse micelles and react. The major problem with this so-called single-microemulsion approach is that all reactants do not react at approximately same conditions defined by their physical surroundings, but significant concentration gradients are involved. The second problem is that the composition of the microemulsion is gradually changed as solutions of different reactants are successively introduced, which might induce significant transitions in micellar or some other multimolecular structural properties. Therefore, a multi-microemulsion approach, within which separate microemulsions of the same compositions are prepared for every reactant involved in the synthesis, is used most often in order to overcome the problems of the single-microemulsion approach and achieve a better control over synthesis parameters. Schematic illustrations of single-and multimicroemulsion approaches to the materials synthesis, are presented in Fig. 8 . It has been observed that the latter, so-called multi-microemulsion approach yields finer particles when compared to the single microemulsion approach. 80, 142 The particle size distribution was also found to be different when synthesis is performed by single-and double-microemulsion approaches. The particle size distribution had a Gaussian symmetrical bell shape for the singlemicroemulsion approach, whereby bimodal distribution was attributed to the powder synthesized by the double-microemulsion approach.
142
Whereas the procedures based on separately dissolving the reagents within dispersed reverse micelles are used most frequently in the context of materials synthesis, the procedures according to which a type of ion that is to become incorporated in the final product, is initially introduced as the constituent of the surfactant molecules, are also often followed. CdS nanoparticles were synthesized by using Cdbased surfactant, such as cadmium bis(ethyl-2-hexyl) sulfosuccinate. 143, 144 Ultrafine ZnS and CdS particles were, as well as CaCO 3 particles, 145 prepared in reverse micelles by using extractant-metal ion surfactant complex as a metal ion source. 146 In the case of the preparation of metallic particles, the reduction reactions are initiated, whereby in the case of the preparation of ceramic particles, usually a precipitation agent in the form of an acidic or alkali agent is used and further thermal treatment is performed; otherwise, an oxidation reaction is initiated as well.
147,148
Disruption of micelles in the reaction mixture might be carried out by introducing alcohols in excess, causing the nanoparticles to precipitate. The major problem of the recovery procedure is caused by high surface energy of ultrafine particles, which makes them coagulate irreversibly when reverse micelles are destroyed without any protection treatment, 149 such as surface modification of the particles. Removing the surfactant caps surrounding the individual, well-dispersed particles most often yields highly agglomerated samples even though the particles were well dispersed in their parent microemulsion. Centrifugation is mostly used for the separation of precipitate from the liquid phase, but magnetic separation by a permanent magnet has been used as well, 150,151 just like filtration, freezedrying or phase separation by cooling the reverse microemulsion. 152 To separate CTAB from sensitive polypeptide nanoparticles, gel permeation chromatography (GPC) was used. 111 Washing of the precipitate in order to remove residual surfactant and oil-phase molecules might be done with water, ethanol, chloroform or the mixture of two. Since most surfactants including CTAB and AOT are soluble in these solvents, their molecules are together with byproducts to be separated from the particles of the desired product. Even though the calcination is sometimes a necessary step to obtain fine crystalline samples, in situ syntheses of nanocrystalline as-dried powders have been frequently reported. Nanocrystalline MnZn-ferrites 117, 148, [153] [154] [155] [156] [ Fig. 9(a) easier in situ by using reverse micelles compared to ceramic materials, since they are usually prepared in such a way that they are the direct products of the precipitation reaction between the dissociated cationic species and a reduction agent. The samples synthesized in the reverse micelles are often of better crystallinity when compared to the samples synthesized in the bulk aqueous phase. The existence of surfactant molecules acting as cages for growing crystallites which thereby reduce the average size of the particles during the collision and aggregation process 76 is seen as the major reason for such a difference in particle sizes and crystallinity. Since many chemicals are included in the ordinary microemulsion synthesis (where surfactant, oil phase and co-surfactant are normally environmentally degradable 162 ), one of the most important challenges of future researches is to develop a way to recycle 163 the components which are included in the synthesizing procedure, so that literally the same reverse micelles might be used in the repeating cycles of materials production. Many 'green' options are nowadays available, with lecithins, bile salts, dipotassium glycerrhizinate, biocompatible solvents like Transcutol, glycofurol, ethanol and isopropanol, and surfactants like poloxamers and polysorbates being routinely used in microemulsion-assisted syntheses of drug nanoparticles. 164 Since the synthesis reactions proceed in stable reverse micellar microemulsions only in the dilute solution of precursors, the result is a low yield of nanomaterial, which places the problem on the economic feasibility of the method.
General Overview of the Influences
There are many factors that might be discerned as having an effect on the properties of the produced powders within the synthesis procedure used. Within this paragraph, we shall number and discuss some of them. Besides parameter w (that will be discussed in detail in the following chapter), mentioned earlier as a major variable in the design of materials that are to be prepared in reverse micelles, particle sizes might in certain cases be controlled by varying the amount of metal ion in each reverse micelle -more metal ions will cause larger particles to grow because of diffusion. 73 It was generally proposed that an increase of particle size might be induced by increasing the reactant concentration, whereas a decrease of particle size can be induced when one of the reactants is increased in excess until a plateau is reached at high excesses. 99 However, one of the major problems with microemulsion-assisted material processing is the effect of the reactants and products on the stability of the microemulsion, particularly the metals concentration in the aqueous phase. It is mentioned that the ion concentration is, after water-to-surfactant ratio, the second most important parameter to control the particle's size. 21 As has been long known in the literature, the introduction of a small amount of a species highly insoluble in the continuous phase into the emulsion droplets substantially increases the stability of the droplets with respect to the Ostwald ripening process. 165 As droplets shrink and lose dispersed monomer, the concentration of the insoluble species within the droplet grows. The desire of the droplets to maintain osmotic equilibrium by maintaining the same osmotic pressure (same concentration of insoluble species within each of the droplets) competes against Ostwald ripening. Droplets cannot shrink and disappear because of the insoluble species, and so the number concentration of droplets, along with the number concentration of insoluble species within the droplets, remains constant (in the absence of coalescence processes). Electrolyte addition in ionic systems in general gives an increased micelle size; in most cases the effect is rather small, while in others dramatic changes may occur. Adding [Ru(bpy) 3 ]
2+
to small CTAB reverse micelles was found to change the reverse micelle water pool size distribution from monodisperse to bimodal.
44
The influence of electrolyte addition on the reverse micellar solution phase L 2 obviously depends on the interaction of individual components, and to date defies any general conclusions. Some researches have demonstrated narrowing the L 2 range in DDAB/dodecane/water microemulsion with an increase in salinity, 166 which is consistent with observed narrowing of the L 2 range in CTAB/1-hexanol/ water microemulsion. 117 There were also results according to which extensions of one-phase regions in C 9 H 19 C 6 H 4 O(CH 2 CH 2 O) 9.7 H/cyclohexane/ water microemulsion were not affected by the addition of NaCl.
167
Salts have been found to affect both aggregation and micelle formation. When the ionic strength of the aqueous phase is increased, the water uptake will decrease dramatically, and the type of ions has a great effect on the water uptake. 53 Aggregation number, CMC and critical micelle temperature all depend on ionic strength. Studies of AOT reverse micelles show that introducing electrolytes such as NaCl reduces aggregation number and micelle radius. Others report that at low concentrations (10 −3 -10 −2 M) ions do not alter reverse micelles appreciably. 44 It was reported that adding salt to an ionic micellar solution will decrease the CMC and increase the aggregation number owing to the screened electrostatic repulsion.
49
With a decreased electrostatic repulsion between the charged head-groups of surfactant, it is possible to pack the surfactant head-groups closer to each other, with a subsequent increase in aggregation number. Besides expectations that the higher concentration of salt precursors within reverse micelles tends to stabilize the micelle structure, because of the suppression of surfactant head-groups, which causes the head-group area to decrease and the packing ratio to increase, inducing the formation of more stabilized microemulsions, some authors have found out that excessively high salt concentrations tend to drive the alcohol (co-surfactant) into the oil-phase and some studies even suggested that this would limit the salt concentration at which microemulsions can form at around 0.4 M in the aqueous phase.
168 Nevertheless, microemulsions, albeit with extremely soluble sodium nitrite and alkanes with a variety of chain lengths comprising the oil phase, were formed at concentrations in the order of ∼ 3.5 M. 168 The solubilization capacity is dependent on the nature of the surfactant as well, since, as has been already mentioned, it was shown that CTAB-based reverse micelles have higher solubilization capacities of high concentration aqueous salt compared to AOT-based systems.
53
Beside w and pH, the particle size and morphology is greatly influenced by the ratio of surfactant to co-surfactant. In the CTAB/n-butanol(cosurfactant)/isooctane/water microemulsion system, the higher the ratio of CTAB to n-butanol was, the smaller were the particles obtained. Therefore, it was proposed that the key factor affecting the particle size is the interfacial property rather that the size of the microemulsion droplets. 169 An increase in particle size could be obtained by directing an increase of the surfactant film flexibility, which might be achieved not only by approaching the microemulsion instability phase boundaries or by changing the droplet size, but by increasing the amount of cosurfactant (alcohols) or changing the chain length of the oil or co-surfactant as well. 99 An increase in the chain length of oil results in an increase in the value of intermicellar exchange rate coefficient due to the fact that as the chain length of the oil increases it becomes increasingly coiled and therefore its penetration in the surfactant layer becomes more difficult, resulting in a stronger mutual interaction between surfactant tails compared to the intensity of interaction between surfactant tails and oil molecules. 137 The co-surfactant in a quaternary microemulsion system may have a more significant effect on the interfacial properties than the oil phase in a ternary one. 169 It was shown that in CTAB/n-hexanol/water microemulsion, n-hexanol acts mainly as the continuous oil phase, although it also affects the interfacial properties. It was observed that the average size of the nanoparticles increased with the increase in the n-butanol/CTAB (cosurfactant/surfactant) weight ratios, except when the weight ratio of n-butanol/CTAB was below 0.5 (gelation occurred). It was also revealed that the variation of the weight ratio of n-butanol/CTAB affected only the interfacial properties and not the size of reverse micelles. 169 The presence of alcohol in the CTAB/hexane/pentanol/water microemulsion is shown to be an important factor in regulating the size distribution of the synthesized nanoparticles, acting on the particles growth by influencing the flexibility of the interfacial film.
170
Different particle morphologies can in some cases be achieved simply by choosing NaOH over NH 4 OH. 76, 116 However, in the presence of a large amount of strong base, the total ionic strength of the water pool increases, which causes instability in the microemulsion system. 76 The ability of a strong base to promote the hydrolytic decomposition of an ionic surfactant will contribute to the destabilization of the surfactant aggregates 77 and possible subsequent phase separation of the microemulsion system. 3 In order to keep the pH value of the precipitation at the same level during the process, a computercontrolled constant-pH apparatus was used in some experiments. 171 However, it is important to note that water pool properties of reverse micelles -local viscosity, local polarity, local acidity -can be substantially different compared to the effective macroscopic properties of an overall measured system. 10 Investigations of local pH in reverse micelles by using pHsensitive probes concluded that when NaOH and HCl were used for pH adjustments, an almost constant intensity ratio over a wide pH range was obtained, suggesting that the water pools of microemulsions, due to a large number of polar surfactant headgroups localized at the oil-water interface, may have buffer-like action.
172
The temperature of the synthesis procedure influences the properties of the synthesized powders. It was shown that higher temperatures induce better crystallinities of the synthesized powders. 154 On the other hand, SANS studies have concluded that both AOT shell thickness and the inner water pool in the AOT/n-heptane/water system reversibly decreased with increasing temperature. 42 Contrary to expectations, an increased temperature did not increase the reduction rate of Pt 4+ with H 2 in the CTAB/octanol/water system.
1
Albeit the existence of many cases where in a matter of moments after the key reaction was initiated, particles stable for months were obtained, 174 the average size of the particles can sometimes be tuned by setting the desired time between the mixing of the microemulsions containing the reacting species, and their disruption. 21 By prolonging this time from one minute to two hours, the average diameter of the particles, as observed by TEM, changed from 13 to 35 nanometers. On reducing the reaction time, the morphologies of the same particles evolved from perfect cubic shapes to more spherical ones with rounded edges. 21 On the other hand, prolonging the reaction time can sometimes lead to a change from cubic to spherical-shaped particles.
175
Within an in situ synthesis of MnZn-ferrite particles, it was observed that the average particle size did not significantly change in the aging time range between 1 min and 3 h, whereas ∼ 25% increase in size was detected after aging of the powder in microemulsion up to 26 h.
156
Aging time variations can be applied in order to induce self-organizing effects on particles assembly scale. During an aging time of 60 days, the particles of PANI/TiO 2 composite were shown to self-organize in reverse micelles of AOT/iso-octane/water and CTAB/hexanol/water microemulsions into either sea urchin-like or needle-like shapes.
176 Four-day aging time of prepared Prussian blue nanoparticles in microemulsion led to the formation of highly ordered cubic superlattices. 177 By letting the reaction microemulsion mixtures age for more than 10 min in the process of preparation of CaCO 3 and BaCO 3 , aggregation of the already-formed spherical nanoparticles is initiated, leading to the slow formation of networks (after aging of up to 1 h) and solid wires (after aging of up to 48 h). 178 Introducing an external magnetic field to the process of evaporating deposition of cobalt particles prepared in reverse micelles, led to the availability of designing the arrangements of the nanocrystals into either hexagonal patterns of micrometer-sized dots or labyrinthine 3D superlattices, depending on the intensity of the applied magnetic field and the evaporation rate of the previously prepared particles.
144
A similar procedure, but without the use of magnetic field, was successfully applied in obtaining "supracrystals" made of silver nanoparticles self-organized in 3D superlattices.
179
Some of the often skipped influences might present decisive parameters in the synthesis procedures. Bunker et al. have found that tripling the amount of microemulsions used in the synthesis procedure leads to significant changes in the obtained CdS particles absorptivity. 180 It was found that the procedure of passing N 2 through the reaction mixture not only protects critical oxidation but also reduces the particle size by 25% when compared with methods without removing the oxygen. 181 Purging of inert gases through the reaction mixture is especially important when easily oxidized elements are present, as is the case for the synthesis of ferrites 147,157 and other iron-comprising compounds. 182 The matter of purity is significant, since any introduction of foreign substances might induce heterogenous nucleation with avoiding the desired monodispersity and uniform morphology of the synthesized particles. Sequence according to which adding of microemulsion components into the mixture is done is also shown to be important. 75 It was found that even stirring microemulsion with a magnetically coupled stir bar during the powder's aging time can influence crystal quality and in some cases result in a different crystal structure as compared with nonmagnetically agitated microemulsions. 183 In case of the synthesis of organic nanoparticles in reverse micelles, 174 the use of a magnetic stirrer led to the formation of nanoparticles larger in size compared to the particles obtained with using ultrasound bath as a mixer, even though no changes in particle size were detected on varying solvent type, parameter w, reactant concentrations and even geometry and volume of the vessel. Particle size can be controlled by decreasing the exchange of materials between different micelles, which might be accomplished by lowering the temperature or slowing the agitation of the solution, which will in return slow the intermicellar exchange of materials, giving either smaller particles or equally-sized particles over a longer time scale.
73
All of the processing conditions which affect the formation of a nanocompound, i.e. its microstructure and stoichiometry and therefore its potential application, may be summarized as follows. Besides the identities of surfactant (the size of hydrophilic headgroup, ionic or neutral, branched or narrow, etc.), oil phase (oil chain length, primarily), co-surfactant if included (its structure, branching, chain length, etc.), metal salts, precipitating agent and/or other reactants, there are: curvature free energy, determined by the elastic constant and the curvatures of the surfactant film;
99 concentration of reactants within reverse micelles; pH; the sequence of introducing the components in the micellar mixture; single-or multiple-microemulsion synthesis approach; overall composition of microemulsion, which is usually decoupled to molar ratio of water-to-surfactant described by parameter w and/or surfactant-to-cosurfactant ratio; aging time of the precipitate in microemulsion; intensity and mechanism of stirring; a method for separation of precipitated particles from the liquid phase; purity of used substances and incorporation of impurities during the synthesis; and temperature under which various processes within micelles proceed. However, it is necessary to mention that tendencies to outline universal relationships which govern the processes of materials synthesis are disobeyed by many cases in which changing only one ion in the complex microemulsion had dramatic qualitative effects on the product's properties. When only Mn 2+ ions were replaced by Ni
2+
ions,particles of mixed zinc-ferrites had completely different morphologies. Thus, the synthesized MnZnferrite 117 comprised spherical nanosized particles, whereas particles of NiZn-ferrite were of acicular shapes. 157, 94 When bromide ions of CTAB surfactant were replaced by chloride ions, the product's identity was not the same. 87 When 2-octanol was replaced by octanol, much higher background noise was observed within XRD measurements of the synthesized powders. 87 The inability to discern and predict the influences of all the species involved in the synthesis procedure and provide a set of relationships between properties of the microemulsion used and the potentially designed properties of the synthesized materials, is the reason why the method of synthesis discussed herein had relied mostly on the trial-and-error approach in the past.
Influence of Water Content
Over the past two decades, a great deal of research within the reverse micellar method for the materials synthesis was undertaken to discern the various parameters which significantly influence the properties of the synthesized materials. By precise evaluation of the effects of all the major influences within the method, through control over processing parameters the desired material properties might be designed. The parameter, which is in this light regarded as the most important, is water-tosurfactant molar ratio, described by parameter w. The higher the parameter w, the larger the water pools of the reverse micelles, and if the micelles are imagined as nanosized templating cages, then the particle sizes might be seen to increase with the increase of w value. However, as we shall see, there are many cases of synthesis for which reversed correspondence or no linear correspondence at all has been concluded. It was found that reverse micelle size generally increases linearly with parameter w as well as with water content of the microemulsion. The relation between water core radius r of reverse micelle in nanometers and parameter w is in the case of AOTformed reverse micelles found to be very simple: r = 1.5w. 22, 50 Even though this relation between the size of the water pool radius of the reverse micelles and w was confirmed by SANS and SAXS measurements, 50 it is sometimes mistakenly identified 121 with all reverse micelles, whereas it was concluded only for certain types of AOT-based microemulsions. Beside increasing the volume of the reversed micelles with the water content when surfactant concentration is kept constant and decreasing the volume of the reversed micelles with the surfactant content when the water concentration is kept constant, it is known that if both the surfactant and water are increased in a constant ratio, the volume of the reversed micelle will not change, but its numbers will increase.
44
In the case of reverse micelles formed by CTAB molecules, it was reported that the reverse micelle size is equal to parameter w. 23 There were also indications that parameter w might be taken to influence the particle size distribution. at the droplet surface. However, this relation would provide a templating relation for control of particle size only in cases where the microemulsion structure is not perturbed during the reaction. In cases where transfer of the components through intermicellar diffusion and exchange processes between reverse micelles permits fast exchange of both solutes and surfactant between droplets, the result will be an uneven growth from which the structure of the droplet template may be altered during the reaction or be totally destroyed as a result of phase separation. Today, it is known that it is not only synthesized particle sizes that do not show in all cases linear dependencies on parameter w, but the very size of the reverse micelles also do not follow the same dependency. Experimental results indicate that the size of reverse micelle depends not only on parameter w, but also on temperature, organic solvent (oil phase), type of surfactant, its concentration and present electrolytes. The same SAXS researches which have come to the conclusion that dependency of reverse micelle radii on w is parametric, 50 have shown that reverse micelle radii in AOT/isooctane/water system vary upon addition of small amounts of compounds solubilized in the microemulsion. 22 It was noted that the water core radius of microdroplets of water/AOT/toluene microemulsion changes from 1 to 1.6 nm when parameter w changes from 5 to 10. 185 As the concentration of the surfactant decreases, the amount of water that can be solubilized decreases too. 44 Some studies have shown that the smallest Stokes radii, which correspond to the droplet size, were obtained between 15
• C and 18
• C in case of AOT-formed microemulsions, and that there was no relation between the Stokes radii of the microemulsion and AOT content of the system.
2
It was shown that the structure and composition of an elementary water droplet enclosed by surfactant molecules remained unchanged up to a water volume fraction per composition equal to 0.3, but this observation generally refers only to microemulsions where attractive forces are not very strong.
62
It was very often found that the synthesized particles are of greater average particle size than the size of their parent reverse micelles as derived from parameter w. 185 Within a synthesis of silica particles, as the parameter w increased from 0.7 to 2.3, the particle size decreased (and the size distribution became narrower) not in monotonous manner. 6 Within the reverse micelle synthesis of BF 2 nanoparticles, the particle size was larger than the swollen micelle size, 87 which demonstrates that the microemulsion does not consist of hard spheres that strictly limit particle growth. In case of microemulsion synthesis of AlPO 4 -5 fibers, the dimensions of the crystals produced were many times larger than the typical dimension of microemulsion droplets. 183 Directly proportional correspondence of reverse micelle sizes and average particle size turned to inversely proportional at higher water-to-surfactant ratios.
186
Within the synthesis of Pd particles in CTAB/ n-butanol/isooctane/water microemulsion, the average diameters of the produced particle also decreased slightly with the increase in water content when the weight ratio of surfactant-to-isooctane was fixed.
169
The following explanation was assigned to this phenomenon: increase in w pushes the composition of the microemulsion toward the solubilization curve, and therefore to increased intermicellar interaction. Increases in intermicellar interaction will promote the aggregation of the particles contained in the interacting reverse micelles. Therefore, it can be clearly concluded that in addition to the size of microemulsion droplets (described by parameter w), there must be other factors affecting the size of the produced nanoparticles.
Today, it is generally known that for the most surfactant-mediated synthesis applications, the connection between the morphology of the surfactant aggregates and the resulting particle structure is much more complex (than the simple connection between the sizes and shapes of the micelles to the sizes and shapes of the produced particles), being affected by hardly reducible conditions prevailing in the local microenvironment surrounding the growing particle. These include the pH, composition, and ionic strength, as well as surfactant headgroups spacing. As reaction takes place within these microenvironments, many of these factors are liable to change. The decoupling of each of these effects still remains a challenge, and provides interesting new opportunities in this field. 
Mechanism of Particle Formation
Synthesis of materials in reverse micelles might be considered as an ordinary precipitation or (co-)precipitation method of synthesis, but which takes place within a very specific environment. Compared to many other wet syntheses such as sol-gel, within reverse micelle synthesis, the precursor ions incorporated in form of a colloidal precipitate and not a complex compound, must be obtained. One of the major problems related to the co-precipitation method of synthesis is the inability to control supersaturation of the precipitating system which in turn leads to very poor control over the distribution of particle sizes, that is normally much more broadened than in the cases of reverse micellar syntheses. 29 Due to narrowly dispersed reverse micelles with templatelike properties, the synthesis of materials within reverse micelles very often overcome these problems. The particle formation in a microemulsion can occur either through collisions between microdroplets which carry reactants within their aqueous cores (multiple microemulsion approach) or by diffusion of the hydrophilic precipitating reactant to the microemulsion droplets containing the to-be-precipitated reactant (single microemulsion approach). Although the surfactant walls of the microdroplets act as cages for the growing particles and thereby reduce the average size of the particles, the exchange of the precursor ions between the microdroplets by either a diffusion process or a collision of microdroplets affects the particle formation, resulting in a similar narrow particle size distribution.
185 Droplet collisions and rapid intermicellar exchange of their water content are processes which are mainly controlled by diffusion and are also dependent on the nature of the surfactant.
135
Wide size distribution of the synthesized particles was ascribed to the fact that for reverse micelles with smaller size, nucleation will occur only in a small number of micelles at the beginning of the precipitation reaction because most of them do not contain enough ions to form a critical nucleus.
53
Since the typical ion concentrations per reverse micelle are too small to form critical nuclei, the formation of the final precipitated particles requires the aggregation of precursor atoms from several different reverse micelles. Therefore, due to diffusion, new nuclei will form as a function of time, which will cause a different growth rate of particles, and subsequently a broad size distribution. Size distribution can be narrowed by increasing the concentration of reagents, as was proven in case of the synthesis of Ni nanoparticles when increased hydrazine concentration gave rise to enhanced reduction rate that led to the generation of a higher number of nuclei and, therefore, to the formation of smaller and more uniform particles.
187
When using a co-surfactant to increase the fluidity of the interface and therefore the kinetics of the intermicellar exchange, a more homogeneous repartition of reactants among micelles could be ensured, thus promoting the formation of smaller, but more numerous particles.
188 By using a Monte Carlo model, Jain et al. showed that as the efficiency of the intermicellar exchange increased, the resultant particle size increased, 139 whereas within the synthesis of Ag nanoparticles in AOT-based reverse micelles, it was shown that the particle size decreases at higher intermicellar exchange rates. 137 By studying the solvent effects on copper particles prepared in AOT reverse micelles, the authors concluded that growth rate and particle size are inversely related, so that a decrease in growth rate leads to a larger particle size at a specific w value. 189 From this point of view, the dynamic intermicellar interaction might be considered as the major, but thoroughly complex influence on the properties of the synthesized particles. One of the often skipped questions with regard to materials synthesis in reverse micelles is the matter of influence of the nucleation and crystallization of particles, as well as of their subsequent interaction on the structure of reverse micelles. The tendency for the particles to agglomerate sometimes exceeds the forces which keep reverse micelles dispersed within the oil phase and complete or localized phase separation occurs. Researches based on steadystate and time-resolved emission spectroscopy as a function of water content came to the conclusion that encapsulation of a relatively small particle or molecule (around 1.2 nm) within a large reverse micelle (with diameter of 3 nm and w > 10) does not perturb the nanodroplet structure, but on the other hand, an incorporation of a similarly sized particle within a small reverse micelle (with diameter of 1.5 nm and w ∼ 5) results in a redistribution of surfactant and water. 58 Three possible hypotheses were proposed in order to explain the final states of the particles synthesized within reverse micelles.
190
According to the first hypothesis, nanoparticles are in the organic phase and are in direct contact with the polar heads of the surfactant, whereas the surfactant tails are in organic phase. According to the second hypothesis, nanoparticles are surrounded by a layer of water, whereas according to the third hypothesis, nanoparticles are surrounded by surfactant tails that point their polar heads toward the water. If the microemulsion becomes unstable, mostly by exceeding the limiting parameter w for given oil/surfactant ratio, the aggregation of particles takes place, which leads to the formation of nonuniform particles regarding their size and shape as well as to the formation of multicore particles in the process of composite synthesis. 185 It was mentioned that in the case of AOT/isooctane/water microemulsion system, the extreme size limits of 5 nm and 30 nm exist, where the size distribution increases due to the problems in micelle stability and crystallization. 151 Also, depending on the nature of the surfactant and the type of interaction, the amphiphilic molecule may either stabilize the inorganic particles or induce significant aggregation. It has been demonstrated, for instance, that positively charged particles flocculate upon addition of anionic surfactants and that, on further addition, the particles re-disperse because of the formation of surfactant bilayers.
135
When hydrothermal and reverse micellar methods for producing zincophosphate crystals were compared, it was noticed that the crystal growth process was about an order of magnitude slower within the reverse micellar procedure, as compared to the hydrothermal method. 191 The surface of the hydrothermally obtained crystals was found to have multiple layers and terraces, whereas the crystals obtained from the reverse micellar method were atomically smooth, which suggests a much finer mechanism for the formation of particles within the reactions coupled with obviously morphologyregulating intermicellar exchange and surfactantmediated growth control. Ultrathin nanowires (Fig. 10) have recently been produced by using the so-called catanionic reverse micelles that are formed by mixed cationic-anionic surfactants, whereby the molar ratio between the mixed surfactants is expected to play a key role in the synthesis of such 1D nanostructures. 103 Only mixtures with an excess of either cationic or anionic surfactants, when ratio of two oppositely charged head-groups is far from 1:1, have been shown to form catanionic micelles. 192 The length of V 2 O 5 nanowires was shown to be possible to be tuned by controlling the aging time of the synthesized particles in microemulsion, 193 which is consistent with the findings in the case of the formation of ZnS nanowires. 194 Parameter w also largely influenced the process of the formation of ZnS nanowires in C 12 E 9 /cyclohexane/water reverse micelles. It was shown that acicular NiZn-ferrite particles are formed within CTAB/1-hexanol/water microemulsion only within the precipitating pH value range of 8-11.
94
Colloidal particles with an electric or magnetic dipole moment were theoretically predicted to selfassemble into flexible chains, and these assemblies were recently experimentally observed. 195 The production of such pearl-like microstructures today surely presents a significant challenge for materials design by using self-assembly templating amphiphile structures. Surfactant aggregates associate (or dissociate) with time scales that can range over several orders of magnitude. If the time scale associated with the particle formation is small compared to the time scale of such transformations, intermediate, nonequilibrium aggregate structures might afford additional opportunities for templated materials synthesis. Fast kinetics associated with several solution-based precipitation processes might be ideally suited for this application. The control of solution conditions and surfactant architecture to exploit nonequilibrium surfactant morphologies presents an interesting scientific challenge. 112 The potential of reverse micellar microemulsions in the field of nanotectonicscontrolled construction of organized matter using nanoparticle building blocks -is significant and is expected to bring about new challenges in materials research.
Synthesis of Composites within Reverse Micelles
Reverse micellar microemulsion medium is a dynamic system where colliding micelles coalesce, exchanging their content and splitting. This property provides conditions for performing the desired chemical reactions of synthesis in a range of new and unpredictable manners. On the other hand, this property causes instability of colloidal solutions over time. Freshly formed nanocrystalline particles protected from further growth in micelles, have high surface energy and once micelles coalesce, particles readily aggregate. 196 Nanoparticles in ferrofluids, for instance, have surface energies higher than 100 dyn/cm 2 , so strong magnetic dipole-dipole attractions between particles tend to provoke their agglomeration. 181 In order to prevent agglomeration of nanoparticles and retain their nature of nanocrystals, an inert silica coating (Fig. 11) or a novel mesoporous silica matrix is used, offering excellent control of nanocluster size distribution and cluster morphology as well as high thermal stability associated with the inorganic host structure. 171, 197 The insulating matrix greatly enhances the chemical stability of the particles, and the wear and corrosion resistance of the media.
198
When present in small quantities (< 0.05%), the silica component can impede grain growth through impurity drag and precipitate drag mechanisms, whereas when silica is present in larger quantities (> 0.05%), a liquid phase may form.
199 If the liquid phase is not properly distributed, discontinous grain growth is probable. However, if the liquid phase is properly distributed, grain-growth impedement can still occur if the diffusion path between grains has been increased sufficiently to offset the increased diffusion rates caused by the reactive liquid. The coating with silica improves the structural order at the surface of the magnetic nanoparticles in diminishing the surface magnetic anisotropy. 77 By varying the thickness of the silica shell and the coated particle radius, an overlap of the wavefunction and band gap can be designed, which opens attractive new possibilities in the semiconductor field. 10 The outer silica surface is biocompatible and functionalizable as well. DNA was successfully attached to silica-coated magnetic nanoparticles. 76 To additionally protect the nanoparticles from agglomeration, tions, a minimum in particle size was observed at intermediate w values, and it was suggested that this trend might be associated with the aggregation of the nuclei. 206 Ammonia concentration was found to have impact on particle sizes, where at relatively low w, the particle size goes to a minimum as ammonia concentration is increased, but at relatively high w, the particle size increases monotonically with ammonia concentration.
6
However, in the presence of a large amount of strong base, the total ionic strength of the water pool increases, which causes instability of the microemulsion system. To avoid this problem, it was suggested 76 that a very small amount of base be used, that is sufficient for the precipitation reaction followed by the polymerization reaction of TEOS. Ammonia also provides the particles with a negative, stabilizing surface charge, which does not enable aggregation of the particles. 207 It was found that at low ammonia concentrations, the particle stability is higher. On one hand, an increase in the concentration of ammonia and water will increase the surface charge through the dissociation of silanol groups and will thus stabilize the particles. On the other hand, increasing the concentration of ammonia and/or water will increase the concentration of NH + 4 and OH − and thereby decrease the double layer thickness. 207 If the particles are very stable (e.g. at low concentrations of ammonia) the aggregation stops relatively early and a larger number of silica-coated particles grow to a small final size. Because in this case the silica layer that is deposited after the aggregation is thin, the resulting particles will not yet be very spherical and the surface will be rough. At high ammonia concentration the aggregation continues longer and only a relatively small number of particles becomes stable. Silica-coated ceramic particles may be synthesized by the double-microemulsion approach, where the first microemulsion contains aqueous solution of the salt precursors and the second microemulsion, that is to be introduced dropwise in the first one, contains an alkali precipitant and TEOS. In this way, mixing and sonication for 2 h together with a day of aging and subsequent washing with ethanol and centrifugation yielded silica-coated magnetic particles.
76
By the use of an external magnetic field during the solidification process, magnetic nanoparticles embedded in silica matrix could be preferably oriented in order to obtain an anisotropic macrostructure, known as a magnetically textured system, 208 which has such properties as anisotropic magnetization and optical anisotropy. It was found that the diameter of silica-coated particles was highly dependent on the water-tosurfactant molar ratio. Not only did the amount of free water influence the relative rates of hydrolysis and condensation reactions, but it also played a determinant role in colloidal stabilization. Nucleation involves the condensation of monomers via intramicellar or intermicellar exchange polymerization reactions, whereas particle growth occurred either by the addition of TEOS to the nuclei or by particle aggregation. 135 The major problem for the reverse micellar preparation of silica-coatings is that TEOS is an organophilic molecule and is therefore more readily dissolved in the oil-phase alcohols than in the aqueous droplets. 77 TEOS is also known to be incompatible with strong oxidizing agents. Upon TEOS addition to the reverse micellar system, the formation of silica coating over alreadyformed nanoparticles involves a series of steps, 206 which can be identified as:
(i) association of TEOS molecules within the reverse micelles; (ii) TEOS hydrolysis and formation of monomers; (iii) nucleation; (iv) particle growth; (v) nuclei dissolution; (vi) intermicellar exchange of monomers; (vii) ionization of monomers; and (viii) particle surface ionization.
The reaction temperature for hydrolysis and condensation of TEOS monomers should be kept below 25
• C to avoid any complications due to the presence of a possible thermally induced phase inversion, 77 and after 48 h the reaction is normally completed. It was suggested that the synthesis is silica-driven and that the micelle-initiated nucleation is not the dominant mechanism, but the nucleating site for the porous silica coating is either oligomeric or polymeric silica. 116 In most cases, not all ethoxy groups from TEOS are hydrolyzed and therefore part of the solvent remain trapped in the silica pores. In fact, it was proven that several percent of the ethoxy groups never leave the TEOS molecules.
207
Besides the water-to-surfactant molar ratio and concentrations of ammonia and water, the ionic strength can be used to influence the final particle size. The hydrolysis and subsequent condensation of TEOS can be affected by the precursor salts introduced to the initial solutions of the gels. In the case of nitrate salts, for instance, due to high solubility of nitrates, the hydrating water from salts allows a total hydrolysis of TEOS molecules and as a consequence of that, the oxygen presence is low. On the contrary, the chloride salts retain the water hydration retarding the hydrolysis process and promoting a rich oxygen ambient, sometimes convenient for the formation of a different phase. 209 The number of ions determines the particle size at which colloidal stability is reached and when the aggregation stops; a smaller number of growing particles results in a larger final silica coating. In a certain experiment, the hydrolysis rate was unaltered by the addition of LiNO 3 salt, while the final radius of synthesized particles was significantly increased.
When comparing the number of silica particles with the number of surfactant aggregates, one silica particle was produced out of circa 10 4 to 10 6 surfactant aggregates, depending on the parameter w. The minimum number of hydrolyzed TEOS monomers required to form a stable nucleus was estimated to be 2, and the nucleation efficiency factor, i.e. the probability of effecting nucleation in a reverse micelle that contains enough monomers to produce a stable nucleus was found to increase with w for relatively low ammonia concentrations (1.6 wt%). A decrease in the apparent nucleation efficiency factor was observed at high w values with more concentrated ammonia, and this was attributed to silica nuclei aggregation promoted by enhanced intermicellar collisions and intermicellar exchange. 206 The thickness of the SiO 2 layer increases with increasing hydrolysis time, and therefore it can be designed by controlling the hydrolysis time. In order to terminate TEOS hydrolysis, the micellar structure of the solution containing SiO 2 -coated nanoparticles can be destroyed by adding an alcohol such as propanol.
101
Metallic nanoparticles synthesized in reverse micelles have been coated with gold layer by the reduction of Au 3+ from HAuCl 4 to Au via excess hydrazine. 150 The gold shell on the metallic particles in this case provides the functionality required to form organized arrays on functionalized substrates. Such so-called nano-onion structures comprise a solid core grown in the first step, which serves as a nucleation source for a functionalized shell. 119 The Au:Fe:Au nanocomposites produced by a sequential reverse micelle technique have been shown to exhibit the GMR effect. 210 Gold has become a favored coating material because of the simple synthetic procedure and its chemical functionality.
211
Ferrofluids as prosperious magnetic composites 212 were prepared by using reverse micellar microemulsion. 213 Magnetic nanoparticles in ferrofluid composites are coated with surfactant monolayers and are immersed within a carrier that might be an organic solvent such as heptane, xylene, toluene, or an inorganic solvent such as water, a hydrocarbon (synthetic or petroleum) or any ester, polyglycol, or styrene. Magnetic nanoparticles in such systems are unable to aggregate and thus the superparamagnetic nature of the whole system is retained. 212 Oleic acid derivatives have proven to be of great benefit in the encapsulation reactions of colloidal magnetic particles through microemulsion polymerization. The surface of magnetite colloid was first coated by a monolayer of sodium monooleate and then stabilized by adsorption of SDBS surfactant. 135 Reverse micellar synthesis is especially convenient for this sort of composites due to capability of tuning various magnetic properties -such as magnetization or coercivity -by control of simple parameters within the given procedure of synthesis. An interesting approach has been found in the synthesis of ceramic -polymer composites, within which nanosized spherical crystals of the ceramic phase are incorporated into micron-sized polymer particles. Some of the essential properties of magneto-ceramic-polymer composites are its light weight, good formability toughness and flexibility, typical for plastics, that allow the preparation of the products for magnetic circuits with complicated shapes. 214 The remarkable aspect of polymerization in reverse micelles is the fact that the polymer could form precipitates out from the solution with the morphology of interconnected submicron-sized spheres. 215 It was claimed that micelles have a templating effect, to fold chains as they are formed to the resulting spheres. It was proposed that the polymer chains grow around the micelle interface and the collisions of reverse micelles with growing chains result in chain linkages and the formation of interconnected spherical particles. As a direct consequence of the assembly process of surfactants on mineral surfaces, a hydrophobic interlayer can form on the inorganic particles, into which monomers can solubilize, and polymerization can subsequently proceed. Whereas covalent binding through in situ polymerization techniques allows the formation of nanocomposite particles with hairy-like, polynuclear, or core-shell morphologies, electrostatic coupling or physicochemical adsorptions preferentially afford heterocoagulated nanostructures with raspberrylike morphologies. 135 P-ethylphenol (PEP) is used as an organic precursor and polymerization of these monomers was achieved by adding hydrogen peroxide with an oxidative enzyme (horseradish peroxidase) in order to polymerize the phenols encapsulated in the reverse micelles. 215 Polymerization within reverse micelles 95 yields oligomers of controlled conjugation lengths and without occurrence of undesirable nano-oligomers coagulation or interconnecting, and, therefore, the products of such procedures might find a number of applications in electronics and photonics such as for controlled band gaps. 216 In this sense, PPV [poly (p-phenylenevinylene)] is an interesting option because it is traditionally made by a base-catalyzed reaction of a water-soluble salt monomer precursor and has a number of applications due to its electrical, nonlinear optical, electroluminiscent and lasing properties. The dispersion polymerization or microemulsion polymerization in the presence of surfactant-coated particles carries the risk of incomplete and nonuniform encapsulation. Reaction conditions must drive all the to-be-coated particles to transfer uniformly into the resulting polymer particle, or these particles must provide the only site for the precipitation of polymer. One way to potentially guarantee the uniform loading of core particles into latex was proposed: directly disperse the magnetic particles into the monomer of interest, emulsify, and then polymerize. 165 Theoretically, the insolubility of the polymer and magnetic particles in the oil continuum should guarantee uniform loading of magnetite per latex; however, no proof has been provided yet. Upon polymerizing acrylamide monomers microemulsified in oil, 40-nm-diameter polyacrylamide latex results. Upon microemulsifying and precipitating iron salts within water droplets in microemulsions, magnetic nanoparticles result. A combination of the two approaches results in magnetic nanoparticles encapsulated in hydrophilic polymers, with average diameters ranging from 80 to 320 nm. 185 However, a relatively polydisperse latex in this case contains only 3.3 wt% (0.6 vol%) of magnetic particles. A material with a greater concentrations of the core phase might arise using the larger droplets in reverse micellar microemulsions, created by using relatively low amounts of surfactant, as opposed to the nanodroplets of microemulsions, created with significantly larger amounts of surfactant.
165
It was demonstrated that the presence of the coupling agent (MPS) was a prerequisite condition for the encapsulation reaction within the synthesis of silica/polystyrene colloids. The dispersion of core particles, which is a major drawback of encapsulation reactions in microemulsion polymerization, can be significantly improved with the aid of ultrasound. In miniemulsion polymerization, an effective surfactant/hydrophobe system was used, and the role of the hydrophobe was to prevent or retard coalescence of the droplets and Ostwald ripening. 135 The particle size was shown to be possible to be controlled by water-soluble cross-linker concentration and surfactant/water ratio.
217
When using micelle polymerization as a term, surfactant molecules are regarded as monomers, whereas when using microemulsion polymerization as a term, monomers are thought to be encapsulated within reverse micelles and polymerize under surfactant restrictions. Surfactant monomers (so-called surfmers) are used often in order to gain nanoparticle-polymer composites with narrow size and shape distribution. Since the pioneering surfmer synthesis performed by Freedman et al. who reported the first synthesis of vinyl monomers which also functioned as an emulsifying agent, 218 vast amount of literature has been dedicated to the topic of polymerization of/in organized amphiphilic assemblies.
219
Polymerization of surfmers was observed only at concentrations above CMC, proving that micelle formation is a necessary precondition for polymerization.
219 Surfactants acting as surfmers are were also prepared within reverse micelles. Beside using reverse micelles and other dynamic nanostructures of self-assembling surfactant molecules in microemulsions to limit the particle size of dispersed systems formed by precipitation in the case of inorganic particles, various approaches have been used for lattices gained by polymerization reactions. Nanoscale polymerization reactions within the reverse micellar confinement yield products with controlled conjugation lengths and, thus, controlled band gaps for applications to electronics and photonics. In addition, control of the length of the polymer blocks provides the prospects of monodispersity, improved processability, and designable preparation of nanocomposites. Polymeric nanosized particles (latexes) were first synthesized by using the reverse micelle method 221 
Future Directions
After all that has been said, it useful to take a look once again at the major conclusion which emerges from this review. On one hand, reverse micelles are useful multimolecular structures that give significant opportunities for the design of nanostructured materials of well-defined and uniform properties. On the other hand, reverse micelles cannot be considered as nano-engineering reactor shells because their size and permeability cannot yet be tuned with sufficient precision. 108 "Nanoreactor" does not sound as a convenient term at all for describing the function of reverse micelles in microemulsion-assisted syntheses of materials, since conventional microreactors imply enabling precise control over the reactions and properties of the resulting nanomaterials, and it is still difficult to achieve this aim at the nano level by using the reverse micellar technique. Combinations of the reverse micellar precipitation method or any other microemulsion method with some other methods of synthesis -such as solgel, 291 290, 327 of the combination of sol-gel and reverse micellar approaches to materials synthesis. Low yields, surfactant-contamination and difficulties arising from the attempts to separate precipitated powders in the form of non-agglomerated particlesserious obstacles of the microemulsion-assisted nanoparticle preparation procedures -were overcome by feedstocking flame-spraying apparatus with nanoparticles together with their parent microemulsion, 325 at the same time transcending poor control of particle size and shape, which is a typical drawback of conventional flame-spraying methods of synthesis. Combining reverse micellar synthesis of cobalt particles with their subsequent evaporating deposition in external magnetic field led to the formation of large-scale 3D superlattices (Fig. 12 ) of cobalt nanocrystals. 144 Carbon nanotubes have as well, for instance, been prepared by direct introduction of in situ prepared catalytically active Co and Mo particles by a reverse micellar method. 328, 329 Silver nanorods encapsulated by polystyrene were prepared by a combination of reverse micellar, gas antisolvent, and ultrasound techniques. 330 In order to overcome difficulties arising out of the fact that it is not possible to carry out sequential reactions inside the same reverse micelles in order to obtain multilayered composites, layerby-layer (LbL) techniques comprising adsorption of oppositely charged polyelectrolytes on a solid surface of synthesized particles in reverse micelles have been used.
108
The assemblying of particles formed in the processes of reverse micellar and, in general, microemulsion-assisted syntheses into precisely tailored, supra-nanocrystalline 3D structures, clearly presents an important challenge. In situ reactions in well-organized and immobilized amphiphilic matrices present only one approach toward this goal. The use of shear on liquid crystalline systems for instance, can be used to produce the alignment of microscopic domains into macroscopic regions in the direction of shear, or other interesting morphological transitions. External stimuli provides great promise, and it is predicted that in the future days, progress in Fig. 12 . Self-organized arrangements of cobalt nanoparticles obtained by combining the synthesis of the material within reverse micelles and evaporating deposition thereof.
144
using light, electric and magnetic fields to organize particles into 3D matrices will be realized. A more active and potentially richer approach is the use of engineered peptides to direct the self-organization of nanoparticles into technologically important structures. The real test of self-assembly and materials synthesis will be the generation of novel functional structures with unique and useful properties.
112
Future research in the field of the materials synthesis within reverse micelles may not only help in the fabrication of new inorganic materials and the development of spatially confined and highly controllable synthetic approaches, but may also provide us with new understanding of the chemical, physicochemical and biochemical processes that occur in a confined environment at the nanometer scale, which is significant for the fundamental understanding of nature and life.
